The fatigue properties of extruded magnesium alloy AZ31 were evaluated using material processed under two different extrusion ratios and two different extrusion temperatures. The effect of the extrusion ratios and extrusion temperatures on the fatigue lives and crack propagation behavior is discussed. The fatigue crack initiation and propagation processes were observed by the replica method. It was found that cracks initiated early in the fatigue process, and therefore the total fatigue life can be approximated as the crack propagation life. The crack propagation behavior observed in those materials was analyzed using a modified linear elastic fracture mechanics parameter, M. The relation crack propagation rate vs. M parameter was found to be useful in predicting fatigue lives and crack propagation curves.
Introduction
Because of their low density magnesium alloys are used in such items as auto parts, portable personal computers and cell-phones. The use of magnesium alloys as reliable structural materials requires a thorough understanding of the fatigue characteristics. Although in many papers, e.g., [1] [2] [3] [4] [5] [6] on the fatigue properties of magnesium alloys have already been reported the fatigue characteristics and fatigue processes of magnesium alloys have not been thoroughly determined, and further studies are therefore needed. At present the process of die-casting is widely used, however, the use of extruded materials is increasing, and it is important to understand the fatigue performance of the extruded magnesium alloys when they are used as structural materials. In the present study, rotating bending fatigue tests were conducted on specimens machined from extruded material produced under different processing routes. The effects of this processing on fatigue behavior will be discussed.
Specimens and Experimental Procedures

Specimens
The magnesium specimens were machined from AZ31 material extruded under two different extrusion ratios (10 and 100), and at two different extrusion temperatures (573-623K and 693K. Table 1 summarizes the extrusion conditions used in the present study. The figures "10" and "100" appeared in the specimen names denote the extrusion ratios, the letters "L" and "H" indicate the low (573-623K) and high (693K) extrusion temperature, respectively. The average grain diameters at cross section of the specimen are also listed in this table. As seen from the table, the grain diameters increase with increases in both extrusion temperature and extrusion ratio. The mechanical properties and chemical compositions of the specimens are listed in Table 2 and Table 3 , respectively. The hardness was measured with a microhardness testing machine at experimental conditions, 2.94N load and 15 seconds of the loading time. Figure 1 (a) and (b) show the microstructures of the specimens extruded under 693 K at the extrusion ratio 10 (R10H) and 100 (R100H), respectively. As can be seen from these microstructures, fine and coarse grained microstructures can be observed for R10H and R100H specimen, respectively.
The hardness distributions measured in these microstructures are also attached in Fig.  1 . The averaged hardness for the coarse and fine grained specimen was 53HV0.3, and 58HV0.3, respectively, indicating that the latter was harder than the former by 5 HV units. Accuracy of the hardness shown in Fig. 1 was confirmed by doing additional experiments in which enough spaces between the Vickers indentations were taken. Figure 2 shows the shape and dimensions of the round specimens used in this study. Its length and diameter at the test portion were 100 mm and 5.6 mm, respectively. The stress concentration factor for the specimen shape is 1.04. The specimen surfaces were polished into a mirror-like finish before fatigue tests to facilitate the specimen surface observations.
Experimental method
Rotating bending fatigue tests were conducted in laboratory air at stress ratio of -1, and at frequency of 10 Hz. For observation of the specimen surface and measurements of the crack length during the fatigue process, replicas of the specimen surface were collected. The collected replicas were then observed using an optical microscope at magnifications of 100 to 500 in order to study the process of fatigue crack development. Specimen hardness was measured using micro-hardness testing machine. Table 2 . Mechanical properties of the specimens used. Table 1 . Extrusion conditions used in the present study. Table 3 . Chemical properties of the material used. Figure 3 (a) shows a log-log plot of the relationship between the yield strength σy and the grain diameter d. Fig. 3(b) shows the relationship between the tensile strength σ B and the grain size. As can be seen from Fig. 3(a) , the yield strength σy decreases with an increase in the grain diameter, regardless of the extrusion ratio. However, the relations, σy vs. d on the log-log plot depends on the extrusion ratio. The yield strengths for the R100 specimen are larger than those for the R10 specimens at the constant grain diameter. This result indicates that plastic deformation in the R100 specimens is more difficult than those in the R10 specimens. In the relation, tensile strength σ B vs. grain diameter d, shown in Fig.  3(b) , the same trend as in the case of σy vs. d was found, i.e., decrease of σ B with an increase in the grain diameter d. However a lesser dependency on the extrusion ratio in the σ B vs. d relation was observed than in the σy vs. d relation. This trend is true in the fatigue limit, i.e., the fatigue limit for the former was higher than the latter. In the case of the R100 specimens shown in Fig. 4 (b), the same trend as in the R10 specimens can be observed, though the difference between them became lesser than in R10 specimens. The solid and dashed curves in the figure will be explained later.
Experimental Results
Effects of the extrusion ratio and the extrusion temperature on the mechanical properties of the materials
Effects of the extrusion ratios and the extrusion temperatures on the fatigue lives of the materials
Figures 5 show the comparisons of the S-N curves due to the two extrusion ratios, R10 and R100 at the two constant extrusion temperatures. From Fig. 5 (a) for the lower temperature 573-623K, the fatigue lives for the R10 specimens are longer than those for the R100 specimens at the 10 4 to 10 5 cycles of fatigue lives; however no differences in the fatigue limits were observed between them. Similar results were also observed at the higher extrusion temperature, 693K, however the difference was smaller. Figure 6(a) and (b) show the relations between the crack length 2a and the number of cycles N, for the low and the high extrusion ratios, R10 and R100, respectively. As seen from Fig. 6(a) , the crack initiated earlier and propagated faster in the R10H specimen as compared to the R10L specimen. The higher the extrusion temperature, the faster the crack propagation rate. This result is also true in the R100 specimens as shown in Fig. 6(b) , however the effect of the extrusion temperature on the crack propagation rates was less compared to that in the R10 specimens.
Fatigue crack propagation behavior of the materials
The crack in the R100L specimen initiated earlier and propagated faster than those in the R10L specimen. This result indicates the effect of the extrusion ratio on the crack propagation behavior at the low extrusion temperature. However in the specimens extruded at the high temperature, i.e. between the R10H and R100H, no large difference between them was observed, indicating that the effect of the extrusion ratio on the crack propagation behavior was minimal at the high extrusion temperature.
Further, the fatigue cracks in all specimens initiated early in the fatigue life and then grew to bring the final failure of the specimens. Therefore the entire fatigue life can be considered to consist of crack propagation.
The solid and dashed curves in the Fig. 5 will be discussed later.
Non-propagating cracks observed at the fatigue limit
At fatigue limits of the specimens tested, the non-propagating cracks could be observed in all specimens tested. Examples of the non-propagating cracks are shown in Fig. 7 for the specimens, R10H and R100H, from which the length of the non-propagating cracks, 2a non were measured.
The crack propagation thresholds were evaluated using the following expression by assuming the crack shape as a semi circular. where, σ EL is the fatigue limit, a non represents the half non-propagating crack length. Table 4 lists the non-propagating crack lengths, 2a non measured for each of the specimens. As can be seen from the table, the non-propagating crack lengths are almost 20 µm regardless of the specimens, though these specimens have the wide-ranged average grain diameters from 10 µm to 100 µm. As can be seen from Fig. 8(a) , the fatigue strength at 10 4 cycles decreases with an increase in the grain diameter, regardless of the extrusion ratios, R10 and R100. Lesser extent of the extrusion ratio dependency was observed in the relation, as in the relation between tensile strength σ B and grain diameter d, shown in Fig. 3(b) . While in the relation fatigue strength at 10 7 cycles vs. grain diameter d shown in Fig. 8(b) , the fatigue strength at 10 7 cycles decreases with an increase in the grain diameter at the constant extrusion ratios. However, the extrusion ratio dependency is clearly observed in the relation. The differences in the fatigue strengths between the R10L and R100L specimens, as well as, between the R10H and R100H specimens are not observed, though the grain diameters for the R100 specimens are larger than those for the R10 specimens by three to five times. The similar trend was also observed in the relation between yield strength σy and grain diameter d of Fig. 3(a) . At the fatigue limit, non-propagating cracks were observed as shown in Fig. 7 . These non-propagating cracks are responsible for the sharp bends in the S-N curves for the present materials. It is interesting that the non-propagating crack lengths in the R10 and R100 specimens were almost 20µm, regardless of the wide variations in the averaged grain diameter from 10 to 100 µm. This result indicates that some microstructural feature other than a grain boundary provides acts as a crack arresting barrier. Twin boundaries were produced during cyclic loading and are likely candidates as crack arrestors. To confirm this expectation, we measured the spacing between twin boundaries. Figure 9 shows an example of the twin boundary induced by the fatigue cycling of the R100L specimen at stress amplitude of 180 MPa. The definition of the spacing between twin boundaries is shown in the figure. The averaged spacing for the materials R10L and R100L was almost the same and equal to 20 µm. The hardness near the twin boundary was 90HV0.3, which is harder than that at matrix 79HV0.3. So, if a fatigue crack initiates at soft matrix and propagate to the twin boundary, then the crack might be blocked by the twin boundary. This is a possible explanation for the observation that nonpropagating cracks with the same length of 20µm were detected at the fatigue limit regardless of the R10 and R100 specimens. However, in the present study twin boundaries were only observed at stress amplitudes, 155 MPa and 180 MPa, which are comparatively higher than the fatigue limit, 125 MPa. So the details are not known at the present and further study will be needed to determine the crack arresting mechanism.
Discussion
Effects of grain diameters on the fatigue strength and crack propagation behavior
Analysis based on the modified linear elastic fracture mechanics approach
The following constitutive relation for fatigue crack growth [7] will provide the basis for the analysis: (2) where a is the crack length, A is a material-environmental constant, ∆K eff is the effective range of the stress intensity factor, i.e., K max -K op , where K op is the stress intensity factor at the crack opening level, and ∆K effth is the range of the stress intensity factor at the threshold level. Eq. (2) has been modified [7] to take into account the following attributes of fatigue crack growth: (a). in the very short fatigue crack growth range the stress for propagation is controlled by the endurance limit of the material rather than by the long crack threshold condition. (b). In the short crack regime small scale yielding conditions are not applicable, and a modification for elastic-plastic conditions is needed. (c).Crack closure in the wake of a newly formed crack is zero, but as the crack grows, the crack closure level increases to With these modifications, Eq. (2) is written as: (3) where r e is a material constant defined as,
This constant provides a link between the endurance limit and the effective threshold level. K opmax is the crack closure level associated with a macroscopic crack. σ EL is the fatigue limit of the material. Equation (3) can be written in compact form as (4) where M, the net driving force for fatigue crack propagation, is the quantity within brackets in Eq. (3) . The values of K opmax , and ∆K effth were determined based upon the experimental data for a long through crack obtained by Tokaji et al. [8] . As there being a lack of data for the value of k, it was determined so as to provide the best fit in the analysis. The values of parameters used were K opmax =1. 
Conclusions
The conclusions reached in the present study can be summarized as follows: (1) For both extrusion ratios (10 and 100), the fatigue properties were better when a low extrusion temperature was used (573 K-623 K). (2) In the 10 4 to 10 5 fatigue life range for an extrusion ratio 10 resulted in a longer life than did an extrusion ratio of 100. However no differences were observed at the fatigue limits for such specimens. Similar results were found at both high (693 K) and low (573-623 K) extrusion temperatures.
The fatigue limits decreased with an increase in the grain diameter at constant extrusion ratios. The extrusion ratio did not affect the fatigue limit. (4) At the fatigue limit, non-propagating cracks were observed. The non-propagating cracks were 20 microns in length, independent of the parent grain size. Microstructural features other than grain boundaries are thought to be crack propagation barriers. A twin boundary is a leading candidate as a crack arrestor. Further study will be needed to clarify the crackarresting mechanism.
(5) The M parameter was found to be useful in analyzing the fatigue behavior of the Mg alloy specimens.
